INTRODUCTION
============

Extreme biomimetics is the search for natural sources of engineering inspiration that leads to solutions that are well outside the human comfort zone ([@R1]). The idea is to create inorganic-organic hybrid composites resistant to harsh chemical and thermal microenvironments, templated by thermostable and chemically resistant biopolymers with naturally prefabricated three-dimensional (3D) architecture. Marine sponges have been a productive model system in the development of novel hierarchically structured 3D composites using renewable, nontoxic, and biodegradable organic scaffolds ([@R2], [@R3]). Over 600 million years of evolution, marine demosponges have produced constructs ranging from centimeter to meter scales ([@R4]). The gross morphology and dimensions (up to 70 cm in diameter; see fig. S1) of proteinaceous, spongin-based 3D skeletons have been known since ancient times as bath sponges or commercial sponges. With a US\$20 million annual market volume and extensive marine farming of sponges worldwide, applications of sponges have been largely restricted to cosmetic uses ([@R4]).

Spongin, the main fibrous component of the sponge skeleton, is in the "collagen suprafamily" ([@R5]), which is still a focus of science due to its unusual, hierarchical, nanofibrillar organization ([@R6], [@R7]); biomechanical behavior ([@R8]); and potential for materials engineering ([@R9]). The structure of collagen-like spongin has multiple levels comprising single fibers up to 100 μm thick, composed of nanofibers, which are combined into complex hierarchical 3D networks of high macroporosity ([Fig. 1A](#F1){ref-type="fig"}) exhibiting specific structural and mechanical properties \[for review, see ([@R4])\]. In view of spongin's thermostability up to 360°C and its resistance to acids, spongin-based scaffolds have recently been used in hydrothermal synthesis reactions aimed at developing novel Fe~2~O~3~- and TiO~2~-based composites for electrochemical and catalytic purposes ([@R2]). Preliminary experiments on the carbonization of spongin scaffolds at 650°C have demonstrated their mechanical stability and excellent chemical functionalization, allowing their use in the design of an effective centimeter-scale MnO~2~-based supercapacitor ([@R2]).

![Overview of the transformation of spongin scaffolds to a carbonized 3D structure at 1200°C.\
(**A**) Typical cellular and hierarchical morphology of *Hippospongia communis* demosponge organic skeleton after purification remains unchanged during the process of carbonization in spite of a decrease in volume by up to 70%. (**B**) Carbonized 3D scaffold can be sawn into 2-mm-thick slices (**C**). Both stereomicroscopy (**D** and **E**) and SEM images (**G** and **H**) of carbonized spongin network confirm its structural integrity, typical for sponge-like constructs. However, the surface of carbonized fibers became rough (H) due to the formation of abundant nanopores (**I**) (see also fig. S9). The EDX analysis of purified carbonized spongin (**F**) provides strong evidence of its carbonaceous origin. Photo credit: Iaroslav Petrenko and Michael Kraft, TU Bergakademie Freiberg.](aax2805-F1){#F1}

The idea of fabricating carbon materials with controlled microstructure and morphology, especially at large scales and from renewable and biodegradable natural sources, is a current trend in materials science. However, original carbon fiber materials are relatively expensive to obtain, and this can become a limiting factor in the development of 3D carbon fiber--based structures on a large scale ([@R10]). Although hydrothermal treatment of diverse proteins usually induces their decomposition without forming carbonaceous materials ([@R11]), such structural fiber-based proteins as keratin ([@R12]) and collagen ([@R13]) as well as silk ([@R14], [@R15]) have been reported as suitable for carbonization between 200° and 800°C, and in some cases even up to 2800°C ([@R16]). However, with the exception of some millimeter-scale silk nanofiber membranes ([@R15]) and up to 2-cm-large flexible carbonized silk worm cocoons ([@R14]), there are no reports on sponge-like and ready-to-use carbon scaffolds with hierarchical pores and 3D-connected skeletons. A sponge analog from the plant world, *Luffa* sp. ([@R17]) has been used as a pattern, but despite visual similarity with the sponge-like networks of xylem fibers of dried *Luffa* fruit, this biomaterial has several disadvantages. After carbonization, *Luffa* fibers with diameters in the range of 150 to 450 μm broke and the network structure collapsed, losing all the higher-level architecture. Only carbonized material from the plant in the form of powder has been used for further applications ([@R17]). Similar results have been reported concerning carbon fibers obtained from silk, which were partially melted and too fragile to handle ([@R18]). The combination of hierarchical complexity ranging from nanometers to centimeters and the ease of culture in arbitrary shapes and sizes motivated us to develop new 3D carbonized spongin scaffolds capable of withstanding temperatures as high as 1200°C without loss of nanoscale architecture. We hypothesized that spongin could be converted to carbon at high temperatures without loss of its form or structural integrity and that its specific surface area would increase due to the appearance of nanopores, favoring its further functionalization as a catalyst. Here, we report the first successful effort to design a centimeter-scale 3D carbonized spongin--Cu/Cu~2~O material using an extreme biomimetics strategy, and demonstrate the ability of this material to effectively catalyze the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in both marine and freshwater environments.

RESULTS
=======

Carbonization of spongin scaffold and its structural characterization
---------------------------------------------------------------------

We carbonized spongin scaffolds by directly heating purified sponge skeletons ([Fig. 1](#F1){ref-type="fig"}) at 1200°C for 1 hour under Ar flow (see Materials and Methods). Carbonized spongin scaffolds maintained their fibrous 3D morphology in spite of a decrease in total volume by around 70%. The diameter of spongin fibers during carbonization and the pore size within the fibrous network decreased from 16 ± 1 μm to 8 ± 1 μm and from 97 to 235 μm to 28 to 140 μm, respectively. However, the density of carbonized spongin increased up to 0.1119 ± 0.001 g/cm^3^ in comparison with native spongin (0.0328 ± 0.002 g/cm^3^). There is an increase in the Brunauer-Emmett-Teller (BET) specific surface area of carbonized spongin fibers up to 425 ± 30 m^2^/g in comparison with their native form (3.45 ± 0.32 m^2^/g) due to the development of highly mesoporous surfaces ([Fig. 1, H](#F1){ref-type="fig"} and I and fig. S3). In contrast to the fragile carbonized scaffolds obtained from other natural biomaterials, carbonized spongin can be sawn into slices up to 2 mm thick using a metallic saw with a blade thickness of 1.5 mm (see fig. S4A). The measured compression strength of carbonized spongin was 1.3 MPa at a density of 0.1119 g/cm^3^ (see fig. S4B), which is higher than that of carbon foam samples with kaolinite additions carbonized at 1200°C ([@R19]) and is comparable to that of graphite foams derived from coal-tar pitch ([@R20]).

The carbonaceous material was initially analyzed using solid-state ^13^C nuclear magnetic resonance (NMR) spectroscopy (fig. S6) with the aim of understanding its structural chemistry. By comparison of our ^13^C NMR results (fig. S6) with those previously published ([@R21]), we found that the material resembles amorphous graphite but can also contain amounts of ordered, graphite-like domains. To confirm this finding, we used x-ray diffraction (XRD) and Raman spectroscopy, which are useful for characterization of the ordered-disordered state of carbonized materials ([@R16]).

The measured XRD patterns of the carbonized spongin samples are shown in [Fig. 2A](#F2){ref-type="fig"}. The peaks are broad, and only the strong 002 (2θ ≈ 25°), 100 (2θ ≈ 43°), and 112 (2θ ≈ 80°) peaks may be reliably distinguished in the pattern. XRD lines 100 and 112 are strongly right-hand asymmetric. Similar peak shapes have been described for turbostratically disordered carbon, obtained, for example, by high-temperature treatment of high--melting point coal-tar synthetic pitch ([@R23]). The quantitative extraction of microstructure parameters from powder diffraction patterns of turbostratically disordered materials has been extensively discussed for diverse materials including carbon ([@R22]). We used the fundamental Dopita *et al.* ([@R22]) approach as implemented in the MStruct routine ([@R23]), which was developed for quantitative description of the microstructure of carbon samples.

![Identification of carbonized spongin as turbostratic graphite.\
XRD analysis of spongin carbonized at 1200°C. (**A**) Circles, measured data; solid line, calculation according to the method described ([@R25]) and values given in table S1; bottom line, difference between measured and calculated intensities. Labels are the diffraction indices hkl. (**B**) HRTEM image with corresponding indexed FFT (**C**). (**D**) SAED pattern for carbonized spongin and corresponding 1D intensity distribution (**E**) as the sum of intensities along the diffraction rings.](aax2805-F2){#F2}

The turbostratic graphite obtained from spongin was also confirmed using high-resolution transmission electron microscopy (HRTEM) ([Fig. 2B](#F2){ref-type="fig"}), fast Fourier transformation (FFT) ([Fig. 2C](#F2){ref-type="fig"}), and selected-area electron diffraction (SAED) ([Fig. 2D](#F2){ref-type="fig"}). The results of the integral (XRD; [Fig. 2A](#F2){ref-type="fig"}) and local (SAED; [Fig. 2E](#F2){ref-type="fig"}) diffraction methods show agreement with respect to the formation of turbostratic graphite. In addition, the measured electron energy-loss spectroscopy (EELS) spectra of carbonized spongin correspond with previously published data ([@R24]).

Turbostratic disorder means that the sp^2^-hybridized sheets of graphite, the (001) planes, are mutually shifted along the *a* and *b* directions and rotated around the normal of the graphite sheets (i.e., around the *c* axis). The approach of Dopita *et al.* ([@R22]) interprets the structure in terms of the following variables: the mean lattice parameters of graphite (space group *P*6~3~/*mmc*), *a*~0~ and *c*~0~; the size of largely undistorted entities (clusters) along the *a* and *c* directions (*La* and *Lc*) and their variations (*v*~a~ and *v*~c~) as a log-normal distribution; and the mean atomic displacements along *a* and *c* (〈*u*~a~^2^〉 and 〈*u*~c~^2^〉). The values obtained from a least squares refinement are listed in table S1. The microstructure parameters of the turbostratic carbon obtained from XRD suggest that the turbostratically disordered carbon is organized in nanoclusters with a lateral size of approximately 3 nm and a thickness of 1 nm (i.e., three atomic layers along *c*). These nanoclusters are stable at very high temperatures ([@R25], [@R26]). As expected for graphitic structures with much weaker bonding between the (001) sheets, the structural disorder is higher along the *c* direction (〈u~c~^2^〉) than within the tightly bound *a*-*b* plane (〈u~a~^2^〉). Another well-known feature of these heavily distorted carbon structures is a strongly expanded lattice parameter *c*, which is a result of the nonperfect stacking of the layers. The lattice expansion and the structural disorder in the *c* direction are frequently related to the presence of impurities "intercalated" between the lattice planes (001) ([@R27]).

On the nanoscale, the graphite nanoclusters produce a porous structure. The TEM micrograph of the carbonized spongin, a collagen-based fibrillar protein ([@R4]), is shown in [Fig. 3](#F3){ref-type="fig"}. At the middle-resolution regime, nanometer-thin fibrils are detected (see arrows in [Fig. 3A](#F3){ref-type="fig"}). The Fourier transform displays diffraction maxima of 2.45 nm^−1^ corresponding to a direct-space distance of 8.16 Å and diffraction maxima of 0.78 nm^−1^ corresponding to a spacing of 25.6 Å. These direct-space spacings do not occur in the main allotropes of carbon: crystalline graphite or diamond. Formally, 8.16 Å might correspond to the (111) lattice planes of C~60~; however, much larger lattice planes over 25 Å are also present at the same time. Because the largest lattice planes allowed C~60~ amounts to 14.04 Å, we exclude this possibility and consider patterns corresponding to variants of graphitic foam. This kind of carbon may build up differently sized lattices depending on aromatic spacers (phenyl groups) between sp^3^ blocks, giving rise to porous structures ([@R28]). The rectangle at the center is further enlarged in [Fig. 3B](#F3){ref-type="fig"}. In the enlarged image, nanostructures appear with pearl-like chains with periodicities corresponding to 2.86 nm ([Fig. 3B](#F3){ref-type="fig"}). Similar spacings are found in collagen, bearing a strong resemblance to the periodic unit along the fibril long axis of the triple helix ([@R29], [@R30]). Comparison between native and carbonized spongin is presented in fig. S5. Registered images show that the nanofibers and triple helices are nevertheless observed in both samples, meaning that the structural features of collagen helix are preserved after carbonization of spongin at 1200°C.

![TEM images of 80-nm-thin cuts of spongin carbonized at 1200°C.\
(**A**) Overview image of carbonized spongin consisting mainly of collagen nanofibrils. Arrows indicate pearl necklace structures being parallel to each other. The red frame indicates the enlarged region taken for image (**B**). In the Fourier transform, diffraction maxima corresponding to the direct-space distances of 8.16 and 25.6 Å are recorded. (B) Enlarged image of the nanostructures. Pearl-like chains appear showing periodicities of 2.86 nm, which is typical for the triple helix periodicity of collagen along the fibril long axis. (**C**) The enlarged region reveals nanodot-like structures with nanopore inclusions. The Fourier transform shows a regular hexagonal pattern (top left inset) with a 4.5-nm periodicity. (**D**) Fourier-filtered image of (**C**). For filtering, the reflections of the Fourier transform corresponding to 0.44 nm^−1^ were selected corresponding to a spacing of 4.5 nm, as indicated in the inset. In the processed micrograph, hexagonal structures are observed with a pore-to-pore distance of 4.5 nm and pore diameters of about 3 nm (top left).](aax2805-F3){#F3}

At a higher magnification, in selected regions, nanostructuring could be observed, giving rise to a periodic pattern on the nanoscale (see [Fig. 3C](#F3){ref-type="fig"}). The Fourier transform of the image reveals a hexagonal lattice (top left inset), where the reflections correspond to a spacing of 4.5 nm. To be able to interpret the features in the HRTEM micrograph in [Fig. 3C](#F3){ref-type="fig"}, we applied a Fourier filtering in the region shown in [Fig. 3C](#F3){ref-type="fig"} by masking out the reflections corresponding to a reciprocal space distance of 0.44 nm^−1^ or a lattice spacing of 4.5 nm in bright field. The filtering process emphasizes the hexagonal pattern consisting of dark, pore-like regions on the nanometer scale. At the same time, a hexagonal pattern of dots, appearing as bright spots, is observed. Thus, heating leads to the transformation of collagen-based spongin into a hexagonal carbon structure ([Fig. 3C](#F3){ref-type="fig"}). Simultaneously, structures with periodicities characteristic for the collagen triple helix are recorded ([Fig. 3B](#F3){ref-type="fig"}) ([@R30]).

The structural and chemical changes after carbonization were investigated using Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), and near-edge x-ray absorption fine structure (NEXAFS) spectroscopy.

Raman spectra at different temperatures show the D, G, and 2D bands. The position and intensity of the D and G bands, as well as the D/G band intensity, were retrieved by means of a mixed Gaussian-Lorentzian fitting model ([Fig. 4](#F4){ref-type="fig"}, fig. S7, and table S2). The D band shifts toward lower energy and the G band shifts toward higher energy with increasing treatment temperature. Following the model of Ferrari and Robertson ([@R31]), this change indicates increasing clustering and the presence of sp^2^ chains. More precisely, we can say that the material evolves from amorphous carbon toward nanocrystalline graphite and presents mixed sp^2^ and sp^3^ sites. The average graphite nanocrystallite size *L*~a~ is inversely proportional to the intensity ratio of the D and G bands according to the experimental equation *I*(D)/*I*(G) = *C*(λ)/*L*~a~ ([@R31]), where *C* ≈ 16 nm for near-infrared laser excitation ([@R32]). In the case of spongin carbonized at 1200°C, the average graphite nanocrystallite size *L*~a~ is ≈ 3 nm, in agreement with the XRD results. XPS provides information about the elemental and chemical composition of the surface \[63% of the signal originates from below 26 Å and 95% from below 78 Å ([@R33])\]. In fig. S8A, we present survey scans in the energy range between 0 and 1350 eV as a function of temperature, which show that the C 1s core-level feature consists of a main peak located at 284.5 eV that can be attributed to C─C bonds. Further, we identify a shoulder at higher binding energies (285.5 to 286.0 eV) and a weak feature around 288.4 eV, which can be attributed to C─O─C and O─C═O components, respectively. On annealing of the sample up to 1200°C, the linewidth of the main feature decreases and the two weak features become less visible, probably as a direct result of a loss of oxygen at the sample surface. This is supported by comparing the elemental composition as a function of temperature, focusing on the two main core-level peaks, C 1s and O 1s (fig. S8B). Starting from about 70 atomic % (at %) for carbon and 15 at % for oxygen on heating at 400°C, the quantity of carbon increases up to nearly 90 at % at 1200°C, whereas the quantity of oxygen decreases by more than 5 at %.

![Spectroscopic characterization of carbonized spongin scaffold.\
(**A**) Baseline-corrected Raman spectra of spongin carbonized at different temperatures. The intensity of the region between 2400 and 3000 cm^−1^ is multiplied by a factor of 10 for better visibility. (**B**) NEXAFS C1s K-edge spectra of native and carbonized spongin heated at different temperatures, HOPG, and nanocomposite MWCNT/Cr~2~O~3~ ([@R34]).](aax2805-F4){#F4}

Partial NEXAFS C 1s K-edge spectra of native and carbonized spongin heated at different temperatures are shown in [Fig. 4B](#F4){ref-type="fig"} in arbitrary units after normalization to unity at 315-eV photon energy. The 285.0-eV resonance can be ascribed to aromatic structures (π\*~aromat~), the 287.6-eV peak to amide (N─C═O) or imine (C═N) groups, the 288.1-eV feature to the peptide group CON, the 288.6-eV maximum to the carboxyl group COO−, and the 291.6-eV-wide resonance to C 1s→σ^\*^ transitions within the various atomic groups. The structure between 297.5 and 300.0 eV can be assigned to the K 2p~3/2~→3d and K 2p~1/2~→3d transitions within the potassium compounds. After heating of the sample up to 1200°C, the fine structure from nitrogen and potassium compounds and the peptide bond peak completely disappear in the NEXAFS C 1s and N 1s spectra (see [Fig. 4B](#F4){ref-type="fig"}). This indicates the absence of organic compounds within the sample, while the structure at 288.5 eV (COO) is preserved in the spectrum, and a new peak at 290.3 eV, which corresponds to the \[CO~3~\]^2−^ anion group, appears after heating. A comparison of the C 1s spectra between native and heated (up to 1200°C) spongin reveals a 0.2-eV shift of the peak at 285.0 eV, which is characteristic for aromatic rings and hexagonal structures in graphite, respectively. This fact is clearly seen from comparison of the NEXAFS C 1s spectra of carbonized spongin after heating to 1200°C with the previously reported spectra for highly oriented pyrolytic graphite (HOPG) and multiwalled carbon nanotubes (MWCNTs) covered by a nanosized chromium oxide layer ([@R34]). This is correlated with Raman spectroscopy data. The structures A, B, and C presented for carbonized spongin ([Fig. 4B](#F4){ref-type="fig"}) correspond to transitions from the C 1s level to π^\*^-unoccupied orbitals of C─O─C, C─O, and C═O groups, respectively, and are caused by the oxidation of carbon. According to XPS data (see fig. S8), the oxides' contribution is not more than 10% of the total intensity.

Structural characterization of Cu/Cu~2~O carbonized spongin scaffolds
---------------------------------------------------------------------

Electrical conductivity of carbon is well recognized. We use this property to functionalize the obtained carbonized spongin scaffolds (see [Fig. 1, B and C](#F1){ref-type="fig"}) with copper by the electroplating method (see also Materials and Methods). After electroplating with copper for 30 s, the 3D carbonized scaffold resembles the shape and architecture of the initial material before metallization ([Fig. 5, A and B](#F5){ref-type="fig"}, and fig. S9). Furthermore, the carbonized scaffold remained stable after 12 hours of sonication at room temperature. The BET surface area of the resulting composite, henceforth denoted as CuCSBC (Cu/Cu~2~O carbonized spongin scaffolds), was measured at 83.2 ± 0.3 m^2^/g.

![Structural characterization of CuCSBC.\
SEM images (**A** and **B**) of the 3D carbonized scaffold after electroplating with copper and following sonication for 1 hour. The metallized scaffold has been mechanically broken to show the location of carbon microfibers. Well-developed crystals (**B**) can be well detected on the surface of the microcrystalline phase, which covers the carbon microfibers with a layer of up to 3 μm thick. The XAS fluorescence yield signal for the K-edge of Cu in copper layers deposited on the carbonized spongin surface is shown in comparison with reference spectra of CuO and Cu~2~O standards (**C**). STEM bright-field (BF) overview of Cu-carbonized microfiber (**D**) with corresponding SAED pattern from turbostratic graphite (**E**), interface layer (**F**), and reaction layer (**G**). (**H**) STEM dark-field (DF) image with the path of the EDX/EELS line scan. (**I**) Concentration profiles of C, Cu, and O calculated from the EDX scan. Electron energy-loss near-edge structure (ELNES) spectra measured near the K-edge of oxygen and L-edge of copper are shown in (**J**) and (**K**), respectively. (**L**) HRTEM micrograph and indexed FFT of a Cu nanocrystallite. (**M**) Path of an EDX line scan through the reaction layer and (**N**) the corresponding intensity profiles of the spectral line Kα of oxygen, Lα of copper, and Kα of carbon.](aax2805-F5){#F5}

Raman spectroscopy, XPS, and x-ray absorption spectroscopy (XAS) were used to identify copper-containing phases within CuCSBC. Raman spectra were acquired at several points on the copper layer. All spectra were similar; a representative spectrum is shown in fig. S10. Two Raman bands were detected at 528 and 622 cm^−1^, indicating that the copper layers contain a substantial fraction of copper(I) oxide (Cu~2~O) ([@R35]).

A comparison of XPS survey spectra taken for the carbonized sponge annealed at 1200°C and the copper metallized sample is shown in fig. S11. These spectra show that after metallization, around 25 at % of the copper on the surface of the carbonized spongin scaffold is in the Cu(I) (Cu~2~O) oxidation state.

The chemical state of copper from CuCSBC was also probed using XAS at the Cu K-edge. The detected fluorescence signal is plotted in [Fig. 5C](#F5){ref-type="fig"} together with reference spectra of CuO and Cu~2~O powder samples, as well as Cu metal foil, recorded under the same experimental conditions. The CuCSBC spectrum strongly resembles the Cu~2~O spectrum in terms of both energy position and overall spectrum shape. However, the broadened peak at 8.986-keV photon energy and the shape of the undulations in the EXAFS region above 9.0 keV indicate the presence of metallic Cu. By contrast, the CuO spectrum is shifted by several electron volts toward higher energies, because the higher oxidation state of the Cu ions gives rise to the well-known chemical shift revealed by the x-ray core-level spectroscopy. The bulk-sensitive Cu K-edge data therefore unambiguously demonstrate that, several weeks after deposition onto the carbonized spongin, the copper is mostly present in the form of copper(I) oxide, but a sizable fraction of Cu metal is still found in the samples. Local analyses of the chemical and phase composition of the metallized area of the carbonized spongin microfiber were done in an analytical TEM on a focused ion beam lamella, which was cut from a carbon microfiber that was centrally cracked during the carbonization process and filled during electroplating ([Fig. 5D](#F5){ref-type="fig"}). The SAED pattern from the carbonized spongin region \[right-hand side of the scanning transmission electron microscopy (STEM) bright-field image in [Fig. 5D](#F5){ref-type="fig"}\] confirms the presence of turbostratically disordered graphite ([Fig. 5E](#F5){ref-type="fig"}). The SAED pattern ([Fig. 5F](#F5){ref-type="fig"}) revealed that the broken region, which was filled during the electroplating, is almost single crystalline. The indexing of diffraction spots showed an exact match with the diffraction pattern of the Cu~2~O phase crystallizing in the cubic space group $\mathit{Pn}\overline{3}m$ (see note S10). In contrast, the interface region located between the carbonized scaffold and the electroplated layer (left-hand side of [Fig. 5D](#F5){ref-type="fig"}) contains nanocrystalline metallic copper. This result was obtained from the SAED ([Fig. 5G](#F5){ref-type="fig"}) and combined energy-dispersive x-ray (EDX)/EELS analyses ([Fig. 5, H to K](#F5){ref-type="fig"}), and confirmed by HRTEM/FFT analysis ([Fig. 5L](#F5){ref-type="fig"}). The HRTEM image ([Fig. 5L](#F5){ref-type="fig"}) shows a copper nanocrystallite with a size of 4.5 nm. The FFT of the HRTEM image confirmed the presence of metallic copper with the space group $\mathit{Fm}\overline{3}m$ and the $\lbrack 11\overline{2}\rbrack$ orientation along the zone axis. The analysis of an EDX line scan made across a sample area containing several nanocrystallites ([Fig. 5, M](#F5){ref-type="fig"} and N) suggests that the copper nanocrystallites grow directly on the carbonized scaffold.

Catalytic properties of CuCSBC
------------------------------

The reduction reaction of 4-NP to 4-AP is of great environmental importance. 4-NP is widely used in the production of pharmaceuticals, dyes, and pesticides, and as a result, it is also a common toxic water pollutant, especially in marine ecosystems ([@R36], [@R37]). Currently, there is no way to catalyze the reduction of 4-NP in simulated sea water, which represents a great challenge to ecologists and environment protection agencies worldwide. The progress of the reduction of 4-NP was monitored by taking ultraviolet-visible (UV-vis) absorbance spectra every 60 s. Typically, the 4-NP water solution shows absorption maxima at 317 and 400 nm, because of the presence of the equilibrium between 4-NP (317 nm) and the 4-nitrophenolane anion (400 nm). However, this equilibrium is shifted toward the 4-nitrophenolane anion when NaBH~4~ is added to the solution (for review, see note S13 and fig. S12A). In the solution of simulated sea water, only the peak at 400 nm is present (fig. S13B).

The addition of 5 mg of CuCSBC to the system leads to a reduction in the intensity of the nitrophenolate anion peak and a simultaneous increase in the peak corresponding to 4-AP at 300 nm ([Fig. 6, A and B](#F6){ref-type="fig"}). In the case of both tested reaction conditions---simulated sea water and deionized water---the reduction was complete after 2 min, as shown by the disappearance of the band characteristic for 4-NP and discoloration of the solution ([Fig. 6, A and B](#F6){ref-type="fig"}). Nevertheless, there was no proportional increase in the intensity of the peak characteristic for 4-AP, which may be linked to a difference in the molar extinction of 4-NP and 4-AP ([@R36]). An important part of the research was the evaluation of kinetic aspects of the reduction process. Results for reduction kinetics were calculated according to [Eq. 1](#E1){ref-type="disp-formula"} (see Materials and Methods). The curves obtained are shown in [Fig. 6](#F6){ref-type="fig"} (C and D). The rate constants were calculated to be 0.0326 and 0.0400 s^−1^ for the reactions carried out in simulated sea water and deionized water, respectively.

![Catalytic performance of CuCSBC.\
Transformation of 4-NP to 4-AP after addition of 5 mg of the CuCSBC catalyst (**A**) in simulated sea water, with (**C**) reaction kinetics, and (**B**) in deionized water, with (**D**) reaction kinetics. (**E**) Proposed mechanism of reduction of 4-NP using CuCSBC.](aax2805-F6){#F6}

DISCUSSION
==========

It has been shown that catalytically active biomimetic materials are accessible from natural feedstock. Our study demonstrates fabrication of centimeter-large, mechanically stable carbon materials with controlled 3D microstructure and morphology using collagen-based matrices via a hybrid carbonization process in which spongin thermolysis products are coated with copper. The increase of surface area after carbonization of biological materials is well known. In our case, the naturally occurring collagen microfibril is hydrated and highly interconnected and thus polymerized. During the carbonization process of spongin, the water and most of the volatile components are released as pyrolysis gases. The interfibrillar bonds are broken, thus releasing nanofibril structures and forming a carbonaceous backbone during heating. It is logical that the carbonized product should show a much higher specific surface area than the completely interconnected initial matrix. The nanofibers and triple helices are nevertheless observed in both samples (fig. S5), meaning that the structural features of collagen helix are preserved. It is in line with hypothesis that precursors with well-organized structures lead to the formation of ordered porous carbon. Similar effect was observed by Deng and co-workers ([@R38]). These authors used collagen to prepare well-defined carbon with enhanced surface area and preserved well-defined morphology of natural collagen fiber. However, in contrast to our study, the authors performed carbonization of collagen, which was initially fixed with selected metal ions including Zr(IV), Cr(III), Al(III), and Fe(III). In our case, due to the unique nature of spongin fibers, this kind of "chemical stabilization" is not necessary. This remains the principal advantage of spongin in contrast to collagens from other sources. In addition, the fine surface of 3D carbon remains after functionalization with Cu/Cu~2~O and can be seen on higher magnification (fig. S9).

We show the exceptional potential and stability of CuCSBC in simulated sea water at 5°C as well as in deionized water (see notes S13 to S16). We conclude that CuCSBC is a renewable and stable catalyst, which can be used for the removal of 4-NP including from contaminated marine environments. The prediction of a plausible mechanism of reduction is important to identify the catalyst's active sites. A sorption test of 4-NP onto CuCSBC shows negligible affinity of 4-NP to the catalyst surface (see note S15). Thus, the reduction may proceed in two steps: BH^4−^ anions are adsorbed onto the surface of the catalyst, and afterward, a hydrogen atom is released from the hydride and reduces the 4-NP molecule ([Fig. 6E](#F6){ref-type="fig"}). Therefore, the mechanism of reduction of 4-NP may be associated with electron transfer from the adsorbed hydride anion to 4-NP molecules, using the metal particles as a medium. A similar mechanism was proposed by Zhang *et al.* ([@R36]), who tested the catalytic activity of Ni nanoparticles dispersed on silica nanotubes, and by Hasan *et al.* ([@R39]), who used N-doped cobalt-carbon composite. The present results suggest that the excellent catalytic performance of CuCSBC is a consequence of the presence of Cu~2~O/Cu crystals on the surface of the carbonized spongin fibers and is also related to the 3D, hexagonal, and mesoporous structure of this unique biomimetic carbonaceous support (note S15).

The use of spongin for the synthesis of carbon-based materials is economically feasible, because it is a natural, renewable, and ready-to-use source that can be cultivated under marine farming conditions at large scale worldwide ([@R4]). Usually, 3D carbon-based materials obtained via direct carbonization of biomass (including raw collagen) are very fragile ([@R38]) and can be used only in the form of powder. In contrast, carbonized spongin is mechanically so robust that it can be prepared in diverse forms according to its intended use. Future research could be geared toward atomistic simulations of material and its structure, which definitely will provide additional insight into optimizing the material and can be a milestone toward more efficient bioinspired material designs ([@R40]--[@R42]).

A special property of the modified spongin fibers is the ability to conduct heat. The use of this property can be made on a large scale in heterogeneous catalysis. It has long been known that heterogeneous catalyst beds may tend to form hyperthermic islands, as a consequence of which product selectivities suffer from thermal catalyst modification. For this reason, major effort is being invested in reactor engineering with the aim of providing entirely isothermic conditions.

One such example is the reaction of syngas (CO:H~2~ = 1:2) to methanol, where the heat of formation has to be eliminated effectively to avoid temperatures above 270°C. Above this value, catalysts age within hours, making it necessary to replace the entire catalyst fill. The situation is even more complex when CO~2~ is hydrogenated to methanol. Here, the formation of molar fractions of water necessitates highly controlled isothermic conditions in the catalyst bed to prevent it from being deactivated ([@R43]). In view of the potential use of CO~2~ hydrogenation in solving the climate change issue, catalysts that can be produced from renewable, naturally prefabricated biological materials of sponge origin may make a significant contribution to achieving these goals.

MATERIALS AND METHODS
=====================

Carbonization of spongin scaffolds
----------------------------------

To carbonize the spongin scaffolds, selected fragments ([Fig. 1A](#F1){ref-type="fig"}) up to 15 cm in diameter were placed in the center of a standard heating microscope device (fig. S2A). After pumping and purging the system with Ar three times, the temperature was ramped at 20°C min^−1^ up to 1200°C with feeding of Ar (150 standard cubic centimeters per minute) at ambient pressure.

X-ray absorption spectroscopy
-----------------------------

The Cu K-edge x-ray absorption spectra were taken at beamline ID12 of the European Synchrotron Radiation Facility (Grenoble, France). The data were obtained at room temperature by recording the total fluorescence yield signal with a photodiode mounted in a backscattering geometry. All spectra are shown normalized to the incident photon flux, which was determined using a 4-μm-thin Ti foil in the beam, upstream of the sample. The beam size was 0.3 × 0.3 mm^2^. The data were taken several weeks after Cu deposition onto the sponge.

Copper electroplating
---------------------

Spongin scaffolds carbonized at 1200°C were electrically conductive and were used as electrodes in electrochemical processes. The cathodic electrochemical processes may be described by [Eqs. 1](#E1){ref-type="disp-formula"} and [2](#E2){ref-type="disp-formula"}, where the prepared substrate was used as a cathode for the electrochemical deposition of Cu$$\left. \text{Cu}^{2 +} + 2e^{-}\rightarrow\text{Cu}^{0} \right.$$$$\left. 2H^{+} + 2e^{-}\rightarrow H_{2} \right.$$

The electrochemical deposition of copper was carried out in a 50-ml glass tumbler with electrolyte subject to a DC voltage of 0.2 V and a current of 0.02 A for 2 hours. The DC source was a VoltCraft PS2403D laboratory power supply (Germany) with fine control of voltage (stability, 0.5%) and current. Copper sulfate solution (0.1 M) containing sulfuric acid (4 g liter^−1^) was used as the electrolyte.

Procedure of reduction of 4-NP to 4-AP
--------------------------------------

Typically, the reaction was carried out in a quartz cuvette with an optical path length of 1 cm and monitored using UV-vis spectroscopy (Jasco V-750, Japan) at 25°C in a scanning range of 250 to 500 nm. An aqueous solution of 4-NP (2.5 ml; Merck, Germany) (0.13 mM) was mixed with 0.5 ml of freshly prepared aqueous solution of sodium borohydride (0.1 M), and a yellow mixture was obtained. To the above solution, an appropriate amount of catalyst was added to start reduction, and the solution was quickly subjected to UV-vis measurements. During the reaction, the mixture was continuously stirred and the progress of the reaction was recorded in situ with a time interval of 60 s. The initially obtained data are assigned to the reaction start time, *t* = 0. The reaction was considered complete when the solution became colorless. The rate constant of the reduction process was determined by measuring the change in absorbance at 400 nm as a function of time.

In the case of reduction tests in simulated sea water, the solution was prepared by the dissolution of 3.6 g of simulated sea water (Merck, Germany) in 100 ml of deionized water. In this stock solution, 3.6 mg of 4-NP was dissolved and a yellow solution was obtained. The reduction process was carried out at a temperature of 5°C. The methodology of reduction was the same as described above.

To study the reusability of the catalyst, the reduction reaction was repeated 25 times. After each cycle, the catalyst was recovered by filtration, washed several times with water, and dried in air. For comparison, the catalytic activity of a carbon-based scaffold with the same quantity of catalyst was measured in the same experimental conditions as those described above.

Calculation of reduction kinetics
---------------------------------

Because the concentration of NaBH~4~ was much higher than that of 4-NP, it can be considered to have remained constant throughout the reaction. Accordingly, the reaction was considered as corresponding to a pseudo--first-order reaction model with respect to the concentration of 4-NP, and the reaction constant (*k*) was calculated from [Eq. 3](#E3){ref-type="disp-formula"}$$\text{ln}\left( \frac{C_{t}}{C_{0}} \right) = - \mathit{kt}$$where *C~t~* is the concentration of 4-NP at the specified time *t*, *C*~0~ is the initial concentration, and *k* is the first-order rate constant (s^−1^).
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